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Abstract. —Trichogramma californicum Nagaraja and Nagarkatti was compared with

the T. minutum Riley complex, with which it is syntopic on codling moth and other

tortricid pests. Reproductive crosses and allozymic electrophoresis at 14 loci were used

to investigate the possibility of intermediates between them being due to interbreeding.

A high degree of intraspecific variation was found for T. californicum in both investiga-

tions. No reproductive compatibility with T. minutum complex cultures was found, and
three putatively distinct loci for T. californicum were discovered. The implications of

these findings for the definition of T. californicum are discussed with reference to previous

studies of the T. minutum complex.

Key Words: Trichogramma, taxonomy, interspecific comparisons

Trichogramma is the most important ge-

nus of egg parasitoids of Tortricidae in tree

crops (Mills and Carl 1991 ), and is routine-

ly released in augmentative biological con-

trol programs, although with mixed success

(Falcon and Huber 1991, Smith 1996). By
far the most commonly used species in aug-

mentative control efforts of these pests in

North America are the two species of the

T. minutum complex, T. minutum Riley and

T. platneri Nagarkatti. They are allopatric,

with T. minutum occurring primarily east of

1 10°W longitude and T. platneri generally

found to the west (Pinto 1999). Although

these are the dominant naturally occurring

egg parasitoids of tortricid pests in fruit or-

chards, at least nine other native Tricho-

gramma species also occur on these hosts

(Pinto et al., in prep.). One of these, T. cal-

ifornicum, is a western species occurring in

sympatry with T platneri.

Trichogramma californicum was de-

scribed from specimens reared from eggs of

the Douglas-fir tussock moth, Orgyia pseu-

dotsugata (McDunnogh), collected from

Alturas, Modoc Co., in northeastern Cali-

fornia (Nagaraja and Nagarkatti 1973). In

addition to this lymantriid it has been re-

corded from eggs of several species of Ly-

caenidae, and two species of Tortricidae, in-

cluding Cydia pomonella (L.), the codling

moth, one of the primary hosts of the T. min-

utum complex (Pinto 1999). Trichogramma

californicum is not a common species but

its range does overlap broadly with T. plat-

neri in the western United States (Pinto

1999), and both have been taken from cod-

ling moth on apple in Idaho and northern

California. Trichogramma californicum and

members of the Trichogramma minutum

complex are similar morphologically, sep-

arated by minor differences in color and

structure. Sympatry and the occurrence of

at least limited character intermediacy sug-

gested the possibility of interspecific hy-

bridization between T. californicum and T.
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Table \. Collection localities and generation of cultures examined in electrophoretic and crossing studies.

Species



VOLUME104. NUMBER1 35

number of heterogamic (males from the

other culture) and homogamic (males from

the same culture) replicates. Each replicate

consisted of a single virgin male and a sin-

gle virgin female in a 29.6 cc (8 dram) glass

vial with many (40 or more) host eggs. The

male and female progeny from each repli-

cate were counted, and the mean sex ratio

(msr) for the cross calculated as the per-

centage of female progeny. The number of

heterogamic and homogamic replicates of

each cross were designed to number from

1 2 to 20 each, but fewer were performed in

some cases due to extremely poor viability

of certain T. californicwn cultures. A total

of 296 pairs of T. californicwn and T. plat-

neri were crossed to increase the chance of

detecting rare hybridization. This included

an expanded number of heterogamic cross-

es conducted in both directions between

PRVl X CAADand PRVl X CASE, and

39 between PRVl X CAYK(Table 2). For

statistical analyses, however, only the first

20 replicates were compared with the ho-

mogamic replicates. For each cross, an ad-

ditional 10 virgin females were placed in-

dividually into separate vials with host eggs

but without males to confirm that cultures

were arrhenotokous.

Reproductive compatibility of a cross in

each direction is expressed as a percentage:

100% X msr (heterogamic combination)/

msr (homogamic combination) (Fig. 1). In

arrhenotokous Trichogranuna, females

hatch only from fertilized eggs, while males

hatch from unfertilized eggs. The absence

of female progeny indicates complete in-

compatibility. Relative degrees of compat-

ibility were measured using the non-para-

metric Mann-Whitney U test to compare

the mean sex ratio of the heterogamic cross-

es with that of the homogamic crosses (Sor-

ati et al. 1996).

Electrophoresis. —A total of 14 enzyme

systems were examined in the three cultures

of T. californicLun, the two reference cul-

tures of T. minutum and T. platneri, and one

of the two cultures of T. exiguwn (Table 3).

The enzyme systems, their Enzyme Com-

mission numbers, and the abbreviations

representing them in this paper are: aconi-

tase (4.2.1.3) Aeon, acid phosphatase

(3.1.3.2) Ac/?-2, esterase (3.1.1.1) Est-1, fu-

marase (4.2.1.2) Fum, glyceraldehyde-3-

phosphate dehydrogenase (1.2.1.12) Gapd,

a-glycerol-phosphate dehydrogenase

(1.1.1.8) aGpd-1 and aGpd-2, glucose-

phosphate isomerase (5.3.1.9) Pgi, glucose-

6-phosphate dehydrogenase (1.1.1.49)

G6pd, 5-hydroxybutyrate dehydrogenase

(1.1.1.30) Hbdh, hexokinase (2.7.1.1) Hk,

isocitrate dehydrogenase (1.1.1.42) Idh,

malate dehydrogenase (1.1.1.37) Mdh-2,

malic enzyme (1.1.1 .40) Me, phosphoglu-

comutase (2.7.5.1) Pgm. The same culture

(EXHN) of T. exiguwn used for crosses

could not be used for all loci because of a

shortage of available specimens. The scores

of another T. exigwun culture from Selma,

AL (EXSL) were substituted for Est-1, Me,

and Pgi.

The electrophoretic analysis followed

procedures reported in Pinto et al. (1992),

originally detailed in Kazmer (1991).

Whole females, four from each culture per

run, were individually analyzed at each lo-

cus by isoelectric focusing in one or two

layers of cellulose acetate membranes using

a single blend of carrier ampholytes (8%
pH 4-6.5 and 2% pH 3-10 Pharmalytes),

and an effective gel length of 4.5 cm.

BIOSYS-1 (Swofford and Selander

1989, release 1.7) was used to analyze the

data. Nei's (1972) genetic distances (D)

were calculated with individual allozyme

profiles as input. All specimens were ho-

mozygous at the loci examined, probably

due to the fact that each culture was estab-

lished from a single mated female and be-

cause of the large number of generations

that each culture had undergone prior to

study (Table 1).

Results

Crosses. —Results of the crossing studies

are summarized in Fig. 1 and Table 2. Of
the three crosses conducted among cultures

of T. californicwn, only that between
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Table 2. Results of Trichogramma crosses conducted in this study.'

I Iclcrogamii

CVdsscs

CASBrf
CAAD9
CAADc?
CASB9
CASBcJ
CAYK9
CAYKc?
CASB9
CAADd
CAYK9
CAYKd
CAAD9
CASBd
PRV19

PRVlcJ

CASE9

CAADd
PRV19

PRVlcJ

CAAD9
CAYKd
PRV19

PRVlcJ

CAYK9
CASBc?
MCVA9
MCVAd
CASB9

CAYKd
MCVA9
MCVAd
CAYK9
CASBd
EXHN9
EXHNd
CASE9

CAYKd
EXHN9
EXHNd
CAYK9

No. Replicates

1 limmyiiinic

Crosses No. Rcplicalcs /)-value

16
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<—"PRV13__> CAYK :^— -^EXHN
Table 4. Nei genetic distances (D) among cultures

of Tnclu)i>raninici examined electrophoretically.

CAAD^ ^CASB:! ———MCVA

Fig. 1 . Crossing results among cultures of Tricho-

gramma. Solid arrows represent complete reproductive

compatibility according to a Mann-Whitney U test.

Dashed arrows represent complete incompatibility.

Hatched arrows represent partial compatibility. Num-
bers along anows represent level of reproductive com-

patibility for heterogamic cross relative to appropriate

homogamic check cross. Arrows point to the parental

female. See Table 1 for explanation of acronyms.

CAADand CASBshowed full bidirectional

compatibility. Although the Mann-Whitney
test indicated a significant difference be-

tween the homogamic check and the cross

involving CAADmales and CASBfemales,

the direction of significance was that of

more females in the heterogamic cross. This

difference is likely due to the generally

poor viability of T. californicum. There was
incomplete unidirectional compatibility be-

tween CAYKmales and CAADfemales as

indicated by the Mann-Whitney test. Only

10 of the 20 CAADfemales produced fe-

male progeny in this heterogamic cross,

whereas 19 of the 20 CAADfemales pro-

duced daughters in the homogamic check.

The cross between CASB and CAYKwas
incompatible in both directions.

Culture
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Fig. 2. Phenogram (UPGMAclustering) of Nei's genetic distances among cultures of Trichogramma ex-

amined electrophoretically. See Table 1 for explanation of acronyms.

terpreted phylogenetically. The phenogram

does show the three cultures of T. califor-

nicum to be nearer to each other than to the

cultures of the other species, but it should

be noted that CASB is as near to PRV1 in

the distance matrix as it is to either of the

other homospecific cultures (Table 4).

The results for Pgm were compared with

those reported for several cultures of the T.

minutum complex (Pinto et al. 1992) using

the results for MCVAand PRVl as stan-

dards of comparison. Other than crossing

unknowns with standard cultures, this locus

provides the only means of separating most

collections of T. platneh and T. minutum

from one another. The electromorphs for T.

californicum were different from all known
Pgm electromorphs in the T. minutum com-

plex and in T. exiguum (Table 3). The data

for Acp-2 and G6pd could not be compared

with information from the prior study, but

they are tentatively assumed to be diagnos-

tic loci for T. californicum.

Discussion

The crossing and electrophoretic results

provide no basis for explaining the mor-

phological intermediacy previously found

between T. californicum and T. platneri.

Every one of the almost 300 reproductive

pairings between the two species was neg-

ative. Also, the two species have distinct

allozymic profiles, as well as different ITS2

sequences (van Kan et al. 1996). Specula-

tion on causes other than gene flow for this

intermediacy is premature and the basis of

reproductive incompatibility between the

species remains unknown.

The failure to detect reproductive or mo-

lecular intermediacy between T. californi-

cum and T. platneri in this study, of course,

could be explained by limited sampling. Al-

though we failed to find hybridization in the

numerous heterospecific pairings, the indi-

viduals of T. californicum and T. platneri

crossed represent few isofemale lines (three

and two, respectively). More extensive

sampling would be useful. Utilization of

isofemale lines unfortunately is necessary

in Trichogramma studies to insure that all

replicates are homospecific (Pinto et al.

1992). The preferable approach of utilizing

unrelated individuals for replications is pre-

cluded by the presence of heterospecifics at

most collection sites (potentially in the

same host egg) coupled with problems of

identification. In Trichogramma, females

can not be identified unless associated with

males, and slide-mounted material is re-

quired for male identification. Genetic var-

iation could be better estimated by utilizing

a larger number of isofemale lines, but this

alternative is not straightforward in uncom-

mon species such as T. californicum.

The limitations of our sampling proce-

dure notwithstanding, it should be noted

that the species of Trichogramma studied

reproductively thus far indicate that the

magnitude of morphological difference sep-

arating T californicum and the T minutum

complex, as minor as it is, does conelate

well with reproductive incompatibility (Pin-
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to 1999). If the few cases of intermediacy

are due to hybridization we predict that they

result from relatively uncommon events.

We also should mention that although few

T. californicwn lineages have been studied

allozymically thus far, the Pgm locus has

been examined in over 100 lineages of the

T. minutum complex (Pinto et al., in prep).

In all cases, the alleles at this locus in both

species of the complex are distinct from

those reported here for T. californicum.

Both crossing and electrophoretic results

indicate a high degree of intraspecific var-

iation in T. californicum as compared to

that found in certain other species of Th-

chogramma (Pinto et al. 1992, 1993). The
greatest Nei's distance found among the

three cultures of T. californicwn (0.693) is

far greater than distances reported in all

species of Trichogramma analyzed to date

(Pinto et al. 1992, 1993), including that

found in T. minutum (0.486). In fact, the

least distance between cultures of T. cali-

fornicwn (0.470) is greater than the greatest

distance between cultures of all other spe-

cies previously examined except T. minu-

tum. These allozymic differences are not

predicted by the bidirectional reproductive

compatibility between the Adin and San

Bernardino cultures of T. californicwn, or

the partial compatibility between the Adin

and Yakima cultures. They also are not pre-

dicted by known morphological or ITS2 se-

quence similarity. ITS2 sequences are use-

ful in separating all morphologically dis-

tinctive species examined thus far (Stou-

thamer et al. 1999), but are nearly identical

in the three T. californicum cultures (Stou-

thamer, pers. com.). The degree of repro-

ductive disjunction within T. californicum,

however, is not completely without prece-

dence in Trichogramma. Pinto et al. (1991)

found similar levels of incompatibility

among cultures of T. deion. They also re-

ported one-way incompatibility and re-

duced two-way compatibility in cultures

currently assigned to T. minutum.

Considerable morphological variation

within T. californicum already has been

noted and the species was divided into two

forms, A and B, on this basis (Pinto 1999).

The two are broadly sympatric in California

but Form B is known only from museum
specimens. Within Form A, populations

from Baja California and western Texas

also have been identified as moiphological

outliers (Pinto 1999). Crossing and molec-

ular studies are needed to determine their

relationship to the cultures investigated

here. Clearly, Trichogramma californicum

remains a highly variable and poorly un-

derstood entity. It may constitute a unit of

variation similar to or greater than the 71

minutum complex where the two compo-
nent species also are morphologically sim-

ilar but reproductively incompatible. As in

T. californicum, these reproductive units {T.

minutum and T. platneri) are electrophoret-

ically distinct (Pinto et al. 1992) but do not

differ in ITS2 sequence (Stouthamer et al.

2000). However, species status for T. min-

utum and T. platneri also has been sup-

ported by clear-cut reproductive incompat-

ibility and distinct geographic distributions.

The geography of reproductive incompati-

bility and allozymic variation in T. califor-

nicum is unknown and any proposal to sub-

divide the species without more extensive

sampling is premature.
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